Abstract. NASA scatterometer (NSCAT) observations provide high temporal and spatial resolution wind fields, which are used to exanrine gap flow through the Chivela Pass and the influence of Hurricane Marco. For approximately 1 week in November 1996, Hurricane Marco caused the flow through the gap to change from its usual flow pattern: the winds turned to the left rather than the right. Previous studies of this gap flow have used monthly averages of sparse ship observations, European Centre for Medium-Range Weather Forecasts fields, mesoscale models, or proxies such as cloud motion or sea surface temperatures (SSTs). NSCAT provided unprecedented accuracy (rms differences less than 1.5 m S-l and 15°) and resolution (daily and 1° x 1° in this study). The observations show that the gap flow often turns to the right (dominated by the Coriolis force); however, unusual events can cause highly noninertial flow for several days. The SSTs respond slowly to changes in the wind pattern, and they are a poor proxy for shortterm wind patterns. The NSCA T winds, gridded with a new methodology presented herein, have the spatial and temporal resolution required to show the evolution of the gap outflow in the presence of a hurricane. The wind fields are used to generate parcel pseudotrajectories, which show that Marco caused Tehuantepec winds to turn to the left and pass through the Gulf of Papagayo into the Caribbean Sea. Gridding techniques are required to fill gaps in fields of NSCAT obsel'Vations. NSCAT coverage of the (ice free) global oceans is approximately 77% in 1 day and 90% in 2 days. The new gridding technique temporally averages the winds in a manner that leaves very little evidence of the pattern of satellite tracks in the wind fields and little evidence of wind field curl and divergence. Daily fields of 1° x 1° resolution are generated. The temporal sampling characteristics of the wind fields are shown to be nolihomogeneous, with the distribution of characteristic sampling times peaking at 1 day and usually within the range of 0.75 to 1.75 days.
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siderations, submitted to Monthly Weather Review, 1998 (hereinafter referred to as submitted manuscript, 1998a, b, respectively», synoptic events such as hurricanes and typhoons [Hsu and Liu, 1996; Hsu et al., 1997] , and planetary-scale events such as El Niiio-Southern Oscillation [VersChell et aI., this issue] . NSCATs fine temporal and spatial resolution is used herein to study features of the Tehuantepec winds (Tehuantepecers or Tehuanos) that have not been previously observed.
An averaging technique is developed to observe daY-by-day changes in NSCAT surface wind patterns. The sampling characteristics of scatterometers, aboard polar orbiting satellites, are nonhomogeneous on the timescales of interest [Chelton and Schlax, 1994] . A wide range of techniques are being developed to fill gaps in ~verage and to produce derivative fields (e.g., curl and divergence) that do not show the sampling pattern. Several characteristics of the averaging technique presented herein are investigated. The resulting fields are used to examine the tracks of surface winds generated by Tehuanos in the presence of Hurricane Marco.
Previous observations of Tehuanos have been indirect (from sea surface temperatures (SSTs) and cloud motion) or interpolated from sparse ship observations. Relatively weak wind events that last for less than several days do not significantly modify the SSTs [BaI1on et al., 1993] . Therefore SSTs cannot be used as a proxy for either the magnitude or location of short-lived Tehuanos. It will be shown that, on the timescales of the influence of tropical storms, the gap winds can turn to the left, rather than to the right, as would be expected from
Introduction
The first satellite images of Tehuantepec winds were observed with the NASA scatterometer (NSCAT) on the Advanced Earth Observing System (ADEOS) satellite. Tehuantepec winds flow south through the Chivela Pass into the Gulf of Tehuantepec (Figure 1 ) and often extend more than 5° into the Pacific. These winds have a large impact on the local sea surface temperatures [Stumpf. 1975; Stumpf and Legeckis, 1977; Legeckis, 1988; Barton et aI., 1993; Trasviiia et aI., 1995; Schultz et aI., 1997] and also enhance fishing productivity by bringing nutrient-rich waters to the surface [Fiedler, 1994] . NSCAT winds were gathered from September 15, 1996, to June 30, 1997, when the satellite platform ceased to function. NSCAT measured wind speed and direction over water with unprecedented resolution in both space and time. Spatial resolution was approximately 25 km, and 90% of the ice-free oceans were covered in 2 days. These observations can be gridded and used to examine the strength. extent, and variabilityof wind-related events on a wide range of scales: mesoscale events such as Tehuantepec winds (D. B. Chelton et al., Satellite observations of the wind jets off Central America, 1, Case Studies and statistical characteristics, submitted to Monthly Weather Review. 1998; Satellite observaitons of the wind jets off Central America, 2, Regional relationships and dynamical conCopyright 1999 by the American Geophysical Union.
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Tehuanos
The processes that generate Tehuanos are reasonably well understood. The North American cold season is characterized by cold fronts traveling southward, and the route of these fronts is sometimes determined by continental topography. For example, when the cold fronts arrive at the Gulf of Mexico, they find that the Sierra Madre Mountains are a natural barrier. These mountains do not allow cold fronts to travel freely over the Mexican mainland. However, this barrier is broken by a low-altitude, narrow mountain gap, Chivela Pass, which runs north-south from the Gulf of Mexico's Bay of Campeche to the Pacific Ocean's Gulf of Tehuantepec (Figure 1 ). Other passes are located at Nicaragua's lake district near the Gulf of Papagayo and Panama Canal region (Figure 1 ). The high atmospheric pressure and air density associated with cold fronts contrast with the lower air density over the Gulf of Tehuantepec (Figure 1 ). This pressure gradient drives strong winds along the mountain pass. On the south side of the pass these winds can be intense, with maximum gusts around 60 m S-1 [Stumpf, 1975] . These winds are locally referred to as nortes (meaning northerly), but they are frequently referred to in scientific literature as Tehuantepecers or Tehuanos. They blow offshore across the Gulf of Tehuantepec coast, favoring strong nearshore oceanic mixing and intense lowering of SSTs [Hurd, 1929; Roden, 1961; Stumpf, 1975; Lavin et aI., 1992; Fiedler, 1994; Trasviiia et al., 1995] . . inertial flow in the northern hemisphere. In the extreme case of Hurricane Marco, the Tehuano turns to the left, passes through the Gulf of Papagayo and over Nicaragua's lake district to enter the Caribbean Sea. In summary, NSCAT observations provide added insight to short-term variations in the wind pattern and the extent of the influence of Marco on Tehuanos.
Previous Observations
There have been several direct observations of wind fields on the Gulf of Tehuantepec. For example, pioneer oceanographic cruises in the GUlf of Tehuantepec [Brandhorst, 1958; Blackbum, 1962] showed the presence of an anticyclonic eddy that is produced by the strong offshore winds, and researchers also examined the importance of this eddy in the biota concentration (resulting in enhanced fishing productivity). Roden [1961] used winds and SST from the Comprehensive OceanAtmosphere Data Set (COADS) (10-30 observations in 2 X ZO grid boxes over periods of 10-30 days) to show the existence of a weak inverse relation between SST and wind anomalies. The paucity of direct observations motivated scientists from the Centro de Investigacion Cientifica y Educacion Scuperior de Ensenada (CICESE), Baja California, Mexico; University College of North Wales; and Oregon State University to lead oceanographic cruises with the goal of studying the dynan1ic evolution of gulf coastal waters during Tehuanos [Lavin et aI; , 1992; Brown et aI., 1992; Barton et al., 1993; Trasviiia et aI., 1995] . In situ wind observations reported by Barton et al. and Trasviiia et al. are relatively dense for ship observations; however, sampling over several weeks prevented the study of dayto-day variability.
In addition to the direct observations, the effects of the Tehuanos on the ocean and the atmosphere have already been studied through satellite images. For example, Parmenter [1970] reported the first visible satellite image of the Gulf of Tehuantepec (an ESSA 9 photograph), which shows the quick westward movement of a cold front. Thermal infrared sensors aboard the NOAA 2 and 4 satellites have been used to descn"be upwelling formation related to the onset of Tehuanos [Stumpf, 1975; Stumpf and Legeckis, 1977] . The NOAA 9 satellite images of sea surface temperature have been used to indirectly 2. Background 2.1. NASA Scatterometer NSCA T was an active microwave sensor that measured the strength of signals backscattered from water waves. The wavelength of the microwaves was chosen to interact with short water waves. Characteristics (e.g., density and size) of these waves are dependent on wind speed and respond quickly to changes in wind. The satellite was in a low Earth (polar) orbit, with sensors scanning to front, side, and back of each side of the satellite. As the satellite progressed in its orbit, areas covered by the fore beams were soon scanned by the trailing beams. A set of collocated observations was used to determine the speed and direction of the wind. A preliminary calibration! validation comparison [Bourossa et al., 1997] of NSCAT winds to equivalent neutral winds determined from research vessel observations found that the wind speeds were accurate to 1.5 m S-1 and (with some qualifying statements unique to scatterometry) the wind directions were accurate to 15°.
NSCAT's data coverage was 90% of the ice-free oceans in 2 days, with approximately a 25-km resolution. Gaps in the daily data coverage are filled with observations from nearby times in a manner that produces 1 ° x 1° resolution daily grids without serious discontinuities at the edges of satellite swaths. The winds are examined in moving vector animations (the animations are available on a publicly accessible website, http:// www.coaps.fsu.edu/nscat/). Daily winds with a 1° resolution been found to be greater than 1 month for the ERS scatterometers [Zeng and Levy, 1995] . The construction of daily surface wind fields, based on oceanic obselVations, has not been practical prior to the period of NSCA T obselVations. I 3.1.. NSCAT Winds NSCAT equivalent neutral wind observations cover most of the Earth in 1 day and have nearly 100% coverage in 2 days. The advantages over ERS scatterometers are dual swaths (one on each side of the orbital trajectory), nearly continual operation (no mission constraints), and a lack of dropout. Additional advantages are improved accuracy in equivalent neutral wind speed and direction [Bourassa et aI., 1997; F~ and Dunbar, this issue] and superior ambiguity selection. For most open ocean conditions and/or high wind speeds, equivalent neutral winds [Tang and Liu, 1996; Verschell et aI., this issue] are similar to winds. Differences between equivalent neutral winds and winds are related to variations from neutral atmospheric stability and are typically less than 0.5 m S-I.
estimate that the wind usually follows a near-inertial path [Clarke, 1988J. Furthermore, Clarke proposed a reduced gravity model to study the pycnocline displacements. Oarke's model results compared qualitatively well with observations reported by Blackburn [1962J. However, he remarked that a more detailed comparison between model and observations was not poS8lole because precise wind strength and structure were not known at that time.
Recently, Schultz et aI. [1997] , following the 1993 superstorm cold surge, observed clouds proceeding from the Chivela Pass and turning anticyclonicly, consistent with the inertial path. The studies to date suggest that conditions that cause large deviations from the inertial path are relatively rare or short lived. For inertial flow (equations (1a) and (1b» the centrifugal acceleration balances the Conolis force:
dv di = -Iu, (lb) where u is the zonal velocity component, v is the meridional velocity component, and! is the Coriolis parameter. A recent modeling study using the Pennsylvania State University/ National Center for Atmospheric Research mesoscale model MM5 [Steenbwgh et aI., 1998 ] indicated that the trajectories in the core of the Tehuanos, within 12 hours of exiting Chivela Pass, were near inertial. However, away from the core, the trajectories differed substantially from inertial flow; the acrossflow pressure gradient was nonnegligible. Prior to accurate and high temporal resolution remote sensing, the trajectories could not be verified. These results are verified herein and by Chelton et al. (submitted manuscript, 1998b) through the use of NSCAT winds.
Technique for Gridding NSCAT Winds
Daily wind products are used to study a wide range of meteorological and oceanographical phenomena with timescales from days to seasons. ObselVations over oceans are typically sparse in both space and time. Consequently, the initialization fields from global circulation models (GCMs) (e.g., European Centre for Medium-Range Weather Forecasts (ECMWF) and National Centers for Environmental Prediction (NCEP) winds) have often been utilized as surface winds. Alternatively, fields have been developed from long-term averages (at least monthly) of ship and buoy obselVations [Roden, 1961; Hellerman and Rosenstien, 1983; Legler et al., 1989] . In both cases the spatial resolution is course, typically 2° to 5°. Better temporal and spatial resolutions are desirable.
Previous Fields of Scatterometer Winds
Spaceborne scatterometers provide a high spatial resolution (-25 to 50 kIn) within their obselVation swaths, but no observations outside the swaths. The time taken to completely cover the world's oceans has been limited by the choice of orbits and operational restrictions. For example, without operational restrictions, the ERS 1 and 2 scatterometers cover the globe in approximately 6 days. This timescale is typical of synoptic events, suggesting that it would be impractical 10 use these scatterometers to thoroughly monitor events of comparable or smaller timescales. Furthermore, the sampling time required to remove sampling biascs rclatcd to the orbital pattern has 3.3. Methodology
The production of daily wind fields, appropriate for forcing ocean models, requires that gaps in the coverage are filled by accurate estimates of the wind. The wind fields must also be smooth at the edges of these gaps; otherwise, the winds could excite spurious long waves when used to force ocean models. The evidence of swath patterns in wind fields, particularly the derivative fields of wind curl and vorticity, can be greatly reduced by averaging with reasonable proxy winds filling the observational gaps [Zeng and Levy, 1995] . Our solution to this problem is to use observations from closely related times to smoothly fill the gaps. Observations closer in time to the day of interest are weighted much more heavily than those farther away in time. This approach retains the dominance of winds observed on the day in question, and it also allows for a relatively smooth transition into regions where there were no observations.
3.3.1. Binning and weighting. The bin size for the winds was chosen to include sufficient observations such that mcorrectly selected ambiguities were unlikely to have a large influence and so that the land mask about small islands does not cause gaps in the wind field. For the 50-km resolution NSCAT wind product, which is used in this study, this condition is satisfied with a 1° X 1° bin size. The 25-km resolution NSCAT product has a similar accuracy in ambiguity selection (M. Freilich, personal communication, 1997); therefore the bin size could be reduced to 0.5° resolution when the higher-resolution data are used. The lower limit on resolution is that of the NSCA T observations, which is approximately 25 km. However, without additional spatial averaging, the land mask of 25 km from any land would result in substantial gaps for any resolution finer than 50 km.
The weighting procedure is analogous to a weighted vector average of 1-, 2-, 4-, and 8-day averages. Each of these averaging periods is centered on 1200 UT of the day in question. The weighting mechanism is designed to favor observations in the short averaging periods. The 8-day averaging period was sufficiently long that there are observations in each grid box. despite occasional 12-to 24-hour gaps in the observations. The effective averaging window is reduced through a weighted average 0: of the 8-day 08 and 4-day U4 fields. The effective averaging window is then further reduced by averaging the~ ..'t.. There is little spatial bias in these differences, which are similar to the of interest and sufficiently small that the field is reasonably smooth where swaths intersect. There is usually little loss of information from the daily This point is illustrated in the differences beThe in velocity are estimated usri!;~ 11.317 www.coaps.fsu.edu/nscat/) were used to identify Tehuanos. The motion of the vectors is Lagrangian, and the vector lengths indicate the wind speed The vector positions (i.e., motion) were calculated by interpolating the daily wind fields to i-hour time steps and integrating with a fourth-order Runge-Kutta method. The Runge-Kutta technique used an adaptive time step, with a first guess of 10 min. The optimal time interval between animation frames is dependent on the highest wind speeds; however, we found a time step of 3 hours to be effective for most conditions. The same motion calculation is used to determine wind traces (pseudotrajectories). . "',.
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Discussion
observational uncertainty in NSCAT equivalent neutral wind speeds [Bourassa et ai., 1997; Freilich and Dunbar, this issue]. 3.3.2. Smoothing. The advantages and disadvantages of smoothing depend on the application of the wind field. The unsmoothed product has disorganized winds in regions of low wind speeds (U 10 > 4 m S-l); however, it retained the finescale structure of low-pressure systems and fronts. Smoothing was found to be useful for deternlining mean wind directions in areas of low wind speeds. These are the areas where incorrect ambiguity selection is most likely, as well as areas with the lowest signal-to-noise ratios. However, studies of tight circulations, gap flow, and fronts are best undertaken without further smoothing of the fields. The binning applied in the above averaging process applies sufficient smoothing that fields of vorticity and divergence are smooth. Hence additional smoothing is not considered to be necessary.
3.3.3. Temporal sampling characteristics. The nonhomogenous sampling results in nonhomogenous temporal averaging characteristics [Cheiton and Schlax, 1994] . The temporal sampling is examined for 7 days, May 25-31, 1996. The weighted mean absolute difference from 1200 ur on the day corresponding to the wind field is determined, with the same weighting procedure as the wind field components. Plots of these values on 4 days (plate 1) clearly show orbital sampling pattern. Areas with good sampling have mean characteristic time ranging from a quarter day to greater than 2 days. A histogram (Figure 2) shows the probability density distn'bution of values over the 7 days, split into eighth-of-a-day bins. The effective averaging period is approximately double this characteristic time. The peak characteristic time is 1 day. In most cases the characteristic time is between 0.75 and 1.75 days, indicating that this averaging technique is appropriate for examining wind field evolution on a daily scale.
3.3.4. Animations and wind parcel traces. The above wind fields were used to produce animations of the winds and derivative fields. Animations with moving wind vectors (http:// NSCAT provided sufficient high-quality wind obsetVations to study the daily evolution of flow through Chivela Pass. This is the first set of ltigh spatial and temporal resolution winds that can be compared to theory or model results. The trajectories appear to be similar to those modeled with MMS [Steenburgh et al., 1998 ]; however, further study will be required to validate the model results. The remainder of the discussion is focused on the accuracy of several assumptions that have been used in modeling Tehuanos and their influence on the ocean. I .
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gap outflow. The pseudotrajectories (Plate 2) based on observations show that the initial assumption is false and that the trajectories vary substantially from inertial flow. The oceanic mixing required to change the SSTs is too great to allow the SSTs to respond on timescales on which the winds can vary. The speed at which the airflow returns to an inertial pattern is of the order of the inertial period (21T/f, where! is the Coriolis parameter), which is -2 days at 12~. Clearly, the shown trajectories do approach near-inertial paths on this timescale. The hurricane that generated the anomalous pressure gradient is in the region close to the coast of Nicaragua from November 13 to 19, 1996. The highly noninertial flow exists from November 14 to 21, 1996. These delays are consistent with the inertial period for the region. The occurrences of anomalous pressure forcing such as tropical cyclones are infrequent. There was an average of three Tehuanos per month during winter months; however, there are only two prolonged examples of highly noninertial flow during the NSCA T lifetime of 9 months. Both were associated with Caribbean cyclones, which set up the pressure gradients required for highly noninertial flow. NSCAT observations suggest that tropical storms or hurricanes are required to generate a sufficiently strong pressure gradient, and such storms are unlikely to be in the area for more than the several days required to set up the new flow pattern.
Nooinertial ~ow
Noninertial flows indicate that terms other than the Coriolis "force" are significantly itlfluencing the motion. In our example this additional forcing is a pressure gradient across the Gulf of Tehuantepec and neighboring Pacific Ocean. The flow shown for November 11 through 19 (Plate 2) curves to the left, rather than the right, as would be expected of inertial flow in the northern hemisphere. The low pressure of Hurricane Marco sets up the atypical pressure gradient. The cyclone also changes the local airflow pattern, causing the Intertropical Convergence Zone (ITCZ) to move north of its usual position. Interaction with the ITCZ also creates a weak pressure gradient that alters the trajectories.
There are several additional causes for noninertial surface flow, near Chivela Pass, prior to the itlfluence of the hurricane. There is little reason to believe that near-surface (10 m) wind will follow an inertial trajectory: surface drag has a substantial impact on the balance of forces determining motion (however, surface drag can be approximately canceled by an along-flow pressure gradient [Steenbwgh et aI., 1998] ). In comparison to geostrophic winds, surface drag causes the surface wind to be roughly 15° to 300 counterclockwise (in the northern hemisphere) and reduced in speed by a factor of 0.6 to 0.9 [Clarke and Hess, 1975; Harlan and O'Brien, 1986] . These factors appear to account for a substantial portion of the differences; however, it is also clear that horizontal pressure gradients can play an important roll in determining the trajectories. Some of these gradients are likely to be due to pressure differences with respect to those at the center of the gap flow, which cause the trajectories to fan out as they exit the Gulf of Tehuantepec. Another factor is the evolving circulation pattern, which (among other things) changes the pressure gradient across the Chivela Pass. .
Conclusions
A technique has been developed to fill gaps in NSCAT observations and produce lox 10 daily gridded wind fields. The characteristic time is nonhomogenous in space and time, with a peak at 1 day, and most values between 5/8 and 1 3/4 days. The effective averaging period is approximately double this characteristic time. This technique is found to effectively show Tehuanos, except within roughly 25 km of the coast where the NSCAT land mask prevents observations. NSCA T wind fields provide a valuable insight into daily wind variations and wind patterns for regions with otherwise sparse observations. Nine months of NSCAT observations covered the daily evolution of more than 10 strong Tehuanos. The spatial and temporal resolutions are more than an order of magnitude finer than those used in previous observational studies of Tehuanos. The fine spatial resolution shows that near-coastal surface wind could have significant components parallel to the coastline. NSCAT observations are also relatively direct, compared to proxies such as SST and cloud motion. Furthermore, NSCAT observations show the fvll extent of Tehuanos, sometimes near 2(XM) kIn, as well as the areas where tropical storms and hurricanes can influence the flow pattern.
The NSCA T observations indicate that SSTs are not a good proxy for short-term (daily to weekly) variations in the wind flow. Animations of wind field showed one example of winds flowing south through the Chivela Pass, turning to the left, flowing through the Gulf of Papagayo, over the Nicaragua lake district. and entering the Caribbean Sea. The noninertial motion was induced by pressure gradients across the trajectory track and also by a cyclone off the CanDbean coast of Nicaragua. The hurricane-related noninertial flow was not observed in previous studies of the region.
Direction of Flow Exiting Chivela Pass
In previous modeling studies, flow gap outflow has often been approximated as perpendicular to the shoreline [Clipon and Richez, 1982; McCreary et al., 1989] . A more recent study with a high-resolution mesoscale model found substantial departure from this assumption [Steenburgh et al., 1998 ]. These authors found the flow exiting Chivela Pass fanned out to have substantial alongshore components on each side of the pass (contrary to the tight outflow assumed by Clarke [1988) ). This finding is supported in the trajectories determined from the NSCA T gridded wind fields. The rapid evolution of the ~p flow and alongshore wind components are likely to induce alongshore KelVin waves that could playa role in coastal bioproductivity.
SSTs as a Proxy for Surface Motion
Clarke [1988] has suggested that SSTs patterns might be used as proxies for the wind pattern. He found that, given BMumptions about the tightness of the outflow pattern, the SST pattern matches the inertial trajectory of the presumed
